Studies consistently report that groups of individuals with major depressive disorder (MDD) demonstrate increased levels of a variety of peripheral inflammatory biomarkers when compared with groups of nondepressed individuals. These findings are often interpreted as meaning that MDD, even in medically healthy individuals, may be an inflammatory condition. In this article, we examine evidence for and against this idea by looking more closely into what the actual patterns of inflammatory findings indicate in terms of the relationship between MDD and the immune system. Data are presented in support of the idea that inflammation only contributes to depression in a subset of patients versus the possibility that the depressogenic effect of inflammatory activation is more widespread and varies depending on the degree of vulnerability any given individual evinces in interconnected physiologic systems known to be implicated in the etiology of MDD. Finally, the treatment implications of these various possibilities are discussed.
Introduction
Ten years ago, the idea that inflammatory processes might contribute to the development of major depressive disorder (MDD) was in itself so novel that it could (and did) support entire reviews. In contrast, a current Medline search revealed 37 review articles published since January 2009 that were specifically related to associations between depression, or the treatment of depression, and immune inflammatory factors [1] [2] [3] [4] .
Against such a burgeoning backdrop, another review linking depression to inflammation is hardly warranted. Rather, what seems to us to be worth doing, as an unmet need in the extant literature, is to address several questions of obvious scientific and clinical relevance that to our knowledge have not been adequately addressed in relation to inflammation and depression. The first question, which we believe to be deceptive in its apparent simplicity, comes from the title of this article: "Is depression an inflammatory disorder?" The second question is related to this and centers on whether inflammatory processes contribute to a majority or only a subset of depressive presentations. A final question is this: "Do the answers to questions 1 and 2 say anything important about potential treatment implications of the connection between inflammation and depression?"
Is Depression an Inflammatory Disorder?
By way of a thought experiment, suppose you are a rheumatologist seeing a middle-aged patient who complains of a painful right knee. To help diagnose the condition, you aspirate synovial fluid from the offending knee and submit it for analysis. Suspecting rheumatoid arthritis (RA), you are surprised when the results come back completely normal in terms of inflammatory markers in the synovial fluid. Had inflammatory measures been high, that would not have confirmed RA because other autoimmune and infectious causes for arthritis are also characterized by increased synovial inflammation. However, knowing that concentrations of an inflammatory cytokine such as interleukin (IL)-6 are typically 1,000 times higher in the synovial fluid of an affected RA joint than in the blood of a healthy adult, what would be your conclusion regarding the likelihood of RA in this patient? Most likely it would be: no joint inflammation, no RA. That is more or less what we mean when we say that RA is an inflammatory disorder. Now compare this to an analogous clinical situation, but this time, you are a psychiatrist seeing a middle-aged patient complaining of severe depression. Hearing that MDD is an inflammatory condition, you measure plasma concentrations of inflammatory cytokines and the acute-phase reactant C-reactive protein (CRP). Believing MDD to be a brain disease, you also go beyond the call of duty and perform a lumbar puncture in your office to measure cerebrospinal fluid concentrations of the same inflammatory markers. A few days later, the patient returns, and you hold the laboratory results in your hands. There is no evidence of increased inflammation in the central nervous system or periphery. The patient is weeping and says he can think of nothing but killing himself. Would you decide that because the patient's inflammatory measures are normal that he cannot be depressed?
Based on these scenarios, we think the answer to the question of whether depression is an inflammatory disorder is a resounding "no." Even with a nod of recognition toward the fact that all disease processes have an inherent "sloppiness" that precludes absolute one-to-one correspondences between putative causes and observed symptomatic outcomes, it is clear that inflammation is neither necessary nor sufficient to cause MDD. Desperately depressed people often have low levels of systemic inflammation, and individuals with ragingly high inflammatory activity are often-but less commonly-able to retain a good mood and hopeful stance toward their lives.
Do Inflammatory Processes Contribute to a Majority or Only a Subset of Depressive Presentations?
If depression is not an inflammatory disorder in the sense that RA and other autoimmune conditions are inflammatory disorders, how should we best understand the growing database (which now includes three meta-analyses [5] [6] [7] ) indicating that depression is associated with increased inflammation? Three points are most important here.
First, what studies actually report is that on average, the mean value for an array of inflammatory mediators tends to be higher in depressed groups than in groups of nondepressed individuals. In many studies, this increase in the mean is independent of other factors associated with increased inflammation, such as body mass index and sex. In other studies, the difference between depressed and nondepressed groups goes away when these types of factors (many of which are overrepresented in depression) are taken into account [2] .
Second, the elevations in proinflammatory cytokines and other inflammatory elements observed in groups of depressed individuals are far more modest than increases typically observed in autoimmune or infectious diseases, with mean values in depression typically not exceeding two to three times the values found in healthy control groups [5] . Consistent with these modest differences, mean values for inflammatory markers in groups of depressed individuals are typically in the "normal" range when such norms have been established [8•, 9-13] , as is the case with CRP [14] .
When put this way, the connection between depression and increased inflammation seems underwhelming, and one might be tempted to dismiss it as physiologically irrelevant. However, this would be a mistake of the first order, and a profound misunderstanding of the huge effect that small physiologic differences can have over time if they are consistently skewed in one direction. As it turns out, depression is far from alone in being a condition characterized by reliable-but often only mildly increased-inflammatory activity. Other modern illnesses with evidence of moderately increased inflammatory signaling include cardiovascular disease, stroke, cancer, diabetes, and dementia. Conversely, even minor increases in inflammation-such as are observed in depression-are enough to strongly predict the development over time of many of these modern disease states [15] [16] [17] [18] [19] [20] .
Finally, we come to a third point that is vital for understanding the nature of the association between inflammation and depression: the values for any given inflammatory marker always overlap between groups of depressed and nondepressed individuals, regardless of how much higher the marker's mean value may be in the depressed group. Thus, it is not unheard of for the highest value in any particular study to be in the nondepressed group and the lowest value to be in the depressed group. More importantly, it also means that a large proportion of the depressed group in any given study will have values similar to those in the nondepressed group, which-at least on first blush-makes it hard to envision these people as suffering from a disease state caused by increased inflammation. On the other hand, even though values tend to be fairly evenly distributed across the whole range in both depressed and nondepressed populations, typically about one third or so of the depressed group have values that are clearly higher than the majority of nondepressed comparison individuals. These are the people responsible for the finding that depression is associated with increased inflammation. It is a dirty little secret of sorts that they have been pulling all their noninflamed depressed colleagues along with them in publication after publication, giving the world a slightly misguided sense that depression-as a whole-is driven by increased inflammation.
Evidence Consistent With Increased Inflammation as a Depressive Subtype
How should we conceptualize this situation? On the one hand, the association between depression and increased inflammation can be conceived of as being probabilistic, such that any individual with depression has such-and-such an increased risk of having elevated inflammatory markers compared with someone of the same age and sex without depression. However, this way of thinking-while perfectly legitimate-seems somehow inadequate to the actual situation on the ground, in which some depressed people have increased measures of inflammation and others do not. From this perspective, it seems more logical to wonder if individuals with increased inflammation represent a biologically pertinent subtype of depression in which immune processes are especially relevant to disease development.
For this "inflammatory subtype" to be ontologically valid, inflammatory mediators-singly or in combination-must be shown capable of inducing depressive symptoms, and at the concentrations seen in actual depressed patients. That inflammatory activation reliably produces a depressive syndrome with strong homology to idiopathic MDD has been shown in many studies using treatment with interferon (IFN)-α as a source of chronic cytokine exposure [21, 22] . The power of IFN-α to induce psychic misery in patients taking it for hepatitis C virus infection or cancer is not subtle, as any clinician who has treated these patients can attest. At high doses, fully 50% of patients without pretreatment depression will meet criteria for MDD within 3 months of commencing therapy [23] , and a far higher percentage-perhaps 90% or more-will endorse at least one or two significant depressive symptoms (with fatigue being the most common) [24] . Consistent with the centrality of inflammation in this model system, in separate studies, IFN-α-induced increases in IL-6 and tumor necrosis factor (TNF)-α signaling have been shown to correlate with increases in depressive symptoms [25, 26] .
Treatment with IFN-α has the unique advantage of offering a human model of inflammation that is chronic in nature, which is important because the physiologic effect of cytokines on systems central to depression (eg, monoamine neurotransmitters and the hypothalamicpituitary-adrenal [HPA] axis) changes profoundly as an inflammatory stimulus transitions from acute to chronic [27] [28] [29] . On the other hand, a distinct limitation of IFN-α therapy is that when used for therapeutic purposes, the cytokine is administered at supraphysiologic doses that may or may not yield effects relevant to the far lower levels of inflammatory activation seen in medically healthy individuals with MDD. Given the conceivable validity of this concern, it is remarkable that far more modest short-term immune stimuli (eg, lowdose lipopolysaccharide, typhoid vaccine) have been repeatedly observed to yield the emotional symptoms of depression/anxiety, even while being insufficient to induce the symptoms of sickness [30-32, 33•] . These studies also provide convergent validity for the use of IFN-α as a model system for cytokine-induced depression, given that the modest immune stimuli they utilize yield changes in brain functional activity similar to those seen after chronic treatment with IFN-α [33•, 34, 35•, 36-38] .
Two additional lines of evidence lend credence to the possibility that the increased levels of inflammatory biomarkers seen in some patients with MDD might contribute to disease pathophysiology in this depressive subgroup. First, recent studies have reported that even mildly elevated levels of CRP and IL-6 independently predict the subsequent development of depression over a decade or more, even in individuals with no current or past history of depression at the time of the immune assay [8•, 39] . In contrast, baseline levels of depression did not predict an increase in inflammatory biomarkers at follow-up [39] , suggesting that the frequently observed association between inflammation and depression may be better explained by a causal arrow running from inflammation to depression than the reverse. A final line of evidence supporting the relevance of inflammation for depressive pathogenesis is more circumstantial but-we believe-fairly impressive when considered in toto. If inflammatory processes contribute to disease pathogenesis, one would predict that known risk factors for MDD also should be associated with increased levels of inflammatory biomarkers. In this regard, we cannot identify a single significant risk factor for MDD, ranging from psychosocial stress and medical illness to obesity, diet, poverty, and sleep loss, that has not been repeatedly associated with increased inflammation [2, [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] . That a single physiologic process-inflammation-links so divergent an assemblage of elements strongly suggests that it might be a shared pathway by which these factors confer risk. More direct evidence for this possibility comes from a study by Capuron and colleagues [50] , who observed that the association between the metabolic syndrome and increased depression was partially accounted for by increased plasma concentrations of IL-6 and CRP.
Although the data presented in this section are certainly consistent with the possibility that inflammatory processes only contribute in a significant way to the pathogenesis of MDD in the subset of patients with evidence of increased inflammation, nothing we have presented directly confirms this hypothesis. Such confirmation would require a demonstration that only depressed individuals with increased activity in inflammatory pathways (however operationalized) showed a reduction in symptoms when these pathways were blocked. Even more convincing would be the demonstration of a linear relationship between pretreatment levels of inflammatory biomarkers and symptomatic response to an anti-inflammatory intervention, such as administration of a cytokine antagonist. To our knowledge, only one study has reported such data. Persoons et al. [51] found that individuals with Crohn's disease and MDD who experienced a remission in their depressive symptoms following an infusion of the TNF-α antagonist infliximab had higher pretreatment plasma concentrations of CRP than did individuals with Crohn's disease and MDD who failed to achieve remission. Whether such a relationship between increased inflammation and clinical response to cytokine antagonism will turn out to be relevant to medically healthy individuals with MDD (who typically have far lower levels of markers such as CRP) is an issue upon which the validity and usefulness of the concept of an "inflammatory depressive subtype" will ultimately rest.
Evidence Consistent with a More Inclusive Role for Inflammation in the Pathogenesis of Major Depressive Disorder
Thus far, we have discussed inflammatory pathways as if they exist in functional isolation from other physiologic systems in the body that have been implicated in the pathogenesis of MDD. In fact, nothing could be further from the truth. Increasing data indicate that inflammation may be relevant to MDD precisely because inflammatory pathways interact so extensively with every other system in the brain and body believed to be involved in depressive pathophysiology [52] [53] [54] 55 •]. Viewing inflammation from this larger perspective immediately invites us to envision a more complex scenario for the relationship between inflammatory processes and the pathogenesis of MDD, one that assigns a far grander role to immune processes in the overall disease state than is allowed by any type of inflammatory subtype model. From this larger perspective, it is apparent that as a result of response differences in physiologic pathways interconnected with the immune system, individuals might vary widely in their sensitivity to the behavioral effects of inflammatory signaling. Put differently, some individuals' overall physiology might protect them from developing depression in response to all but the highest levels of inflammatory stimulation, whereas the physiology of others might make them vulnerable to developing depressive symptoms in response to even low levels of inflammatory stimulation. Note that from this perspective, inflammation plays a role similar to the one ascribed to environmental stress in many currently popular gene-environment interaction models of depressive vulnerability [56] . In fact, allelic variants such as the short form of the serotonin transporter that have been repeatedly implicated in gene-environment interactions may also confer vulnerability to depression in response to inflammation-which, after all, can be conceived of as a type of environmental stressor [57] .
Two approaches may be employed to test the theory that even low levels of inflammatory activation may be depressogenic in individuals with vulnerabilities in other segments of the larger physiologic "super-network" that evolved to respond to danger, a theory we might label as immune response element amplification (IREA). A first approach might involve identifying people with resilient versus vulnerable activity patterns in various nonimmune segments of this danger-related super-network, and then demonstrating that those with vulnerable activity patterns become depressed in response to lower levels of induced inflammatory activity than those with resilient activity patterns. Any number of vulnerabilities might be selected for this purpose, including-but not limited toinsensitivity to glucocorticoid inhibitory feedback [58] , reduced parasympathetic signaling [59] , reduced production of brain-derived neurotrophic factor (BDNF) [60] , increased activity in anterior cingulated cortex or amygdala in response to social threat [61, 62] , and reduced hippocampal volume [63] , all of which have been associated with MDD and all of which would be predicted to make an individual more sensitive than others to the depressogenic effects of inflammatory stimuli. To our knowledge, this approach has never been attempted.
On the other hand, there is a second, albeit less direct, approach to testing whether differential sensitivity to inflammation might explain how immune processes could promote depression even when apparently operating at nonproblematic levels. One could deliver a fixed inflammatory stimulus and examine whether the degree to which depression ensued was associated with vulnerability-like changes in any of the nonimmune variables described above. Fortunately, the many studies that have used various short-term immune stimuli or longer-term treatment with IFN-α to examine the effect of immune activation on mood have availed themselves of just this strategy.
Results from these studies provide very strong support for the IREA theory by demonstrating that vulnerability in physiologic systems "downstream" from inflammation is as relevant as inflammatory pathways themselves in the production of depression in response to stimuli that activate innate immunity (in essence, all the depression risk factors described above [2, [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] ). Figure 1 demonstrates this idea based on data from our group and others that have worked with IFN-α as a model system. As with any other environmental stressor known to be depressogenic, the chronic inflammatory stimulation that results from a standardized dosage regimen of IFN-α yields a wide array of behavioral outcomes. Except for the rare induction of mania, no one feels better during IFN-α treatment. However, some people slog through with only malaise and fatigue to report, whereas others develop suicidal major depressive episodes that require IFN-α discontinuation and psychiatric hospitalization [64] [65] [66] . Between these two extremes, one observes every possible level of depressive outcome.
That the same dosing schedule of IFN-α can yield such widely various outcomes strongly implicates factors over and above the initial inflammatory stimulus as essential to depressogenesis in this most "immune based" of depressive states. As shown in Fig. 1 , this phenomenon can be seen within hours of receiving a first dose of IFN-α. Remarkably, individuals who respond with enhanced corticotropin-releasing hormone and p38 mitogenactivated protein kinase responses within 12 h of a first infusion or injection are significantly more likely to develop clinically relevant depressive symptoms 1 or 2 months later in the midst of IFN-α treatment [67•, 68] . On a symptomatic level, people who respond to a first dose with increased sickness-type symptoms are far more likely to meet full criteria for MDD (including profound emotional distress) by 8 weeks of IFN-α therapy [69, 70] . Also as shown in Fig. 1 , several vulnerability factors, or immune response amplifiers, have been identified that are temporally associated with the development of depression during chronic treatment, including the following: (1) increased TNF-α and/or IL-6 signaling [25, 26, 71] , (2) reduced HPA axis diurnal variation (ie, flatter cortisol slope) [26] , (3) increased evening cortisol [26] , (4) reduced sensitivity to glucocorticoid inhibitory feedback (unpublished data), (5) reduced plasma concentrations of BDNF [72] , (6) reduced plasma concentrations of tryptophan [73] [74] [75] , (7) increased plasma and cerebrospinal fluid concentrations of kynurenine and quinolinic acid [73, 75, 76 ••], and (8) reduced slow-wave sleep and sleep continuity [77] Thus far, we have conceptualized immune element response amplifiers as existing downstream of inflammatory pathways, but significant data suggest that these elements also exist "upstream" of the immune system in a type of bidirectional round-robin dance.
Intriguing evidence for this comes from data from our group showing that increased inflammatory responses to a laboratory psychosocial stress test administered prior to commencing IFN-α therapy predict increased depression several months later during IFN-α therapy (Raison et al., unpublished data) . The oft-repeated observation that psychosocial stress-whether acute or chronic-activates proinflammatory cytokine release in the periphery of the body may also explain why increased resting state plasma cytokine concentrations measured prior to IFN-α therapy predict increased levels of depression during treatment [78] . Consistent with the possibility that baseline cytokine levels are (at least to some degree) a reflection of pretreatment psychosocial stress, many studies have found that even mild increases in depressive and anxiety symptoms (which are commonly induced by stress) just prior to treatment strongly predict the development of clinically relevant depression during IFN-α therapy [65] .
What Does the Relationship Between Inflammation and Depression

Suggest About Novel Treatment Strategies for Major Depressive Disorder?
That groups of depressed individuals demonstrate multiple indices of increased inflammation when compared with nondepressed populations immediately suggests that anti-inflammatory strategies, whether pharmacologic or behavioral, might hold promise for the treatment of depression in those who are otherwise medically healthy. Increasing evidence suggests this is the case. For example, large-molecule inhibitors of TNF-α signaling (eg, etanercept and infliximab) have been shown to reduce depressive symptoms in patients with psoriasis and Crohn's disease [51, 79] , and are currently being examined for potential antidepressant efficacy in medically healthy individuals with treatment-resistant depression. Two randomized, placebo-controlled studies have reported that the addition of an inhibitor of the cyclooxygenase enzyme to a standard antidepressant enhances symptomatic improvement in medically healthy individuals with depression [80, 81] . Similarly, preclinical and clinical data suggest that acetylsalicylic acid (aspirin) may hold promise as an augmenting strategy in patients who fail to respond to monotherapy with a serotonin reuptake inhibitor [82] [83] [84] . In terms of behavioral strategies, recent research suggests that interventions known to benefit depression-such as physical exercise or psychotherapy-also reduce peripheral inflammatory biomarkers [85] [86] [87] [88] , although the degree to which this effect is essential for antidepressant efficacy is an open question. Other more experimental interventions for depression, such as meditation, also have been reported to reduce peripheral inflammatory responses to psychosocial stress [89, 90] .
Let us assume-for the sake of argument-that the next few years witness the emergence of robust data supporting the efficacy of various classes of anti-inflammatory medications for treating MDD in medically healthy individuals. If this turns out to be the case, we likely will also have sufficient evidence to answer the questions around which this article has been constructed. Because several inflammatory measures-especially CRP-are widely available, it will be a fairly straightforward enterprise to evaluate whether the relationship between pretreatment inflammatory biomarkers and subsequent clinical response is strong enough to justify the view that depressed patients with elevated inflammation (however defined) comprise a physiologically defensible depressive subtype. If this happens, and inflammatory biomarkers become routinely employed to predict which patients will respond to which intervention, one of psychiatry's great grail quests-the search for clinically useful predictive biomarkers-will have been accomplished. However, this accomplishment will come at a cost because it will have arisen from the fact that only a circumscribed subset of all depressed patients will have been shown to benefit from any future revolution in immune-based treatments for MDD. On the other hand, if inflammatory pathways behave like every other system implicated in MDD to date, the complexity of interactions between these pathways and the wider physiologic nexus to which they contribute will assure that any associations between pretreatment inflammatory biomarkers and subsequent clinical response will be too weak to provide useful clinical guidance. Some depressed patients with high levels of inflammation will fail to respond to anti-inflammatory treatments, and some patients with low levels of inflammation will respond robustly to anti-inflammatory interventions because even these low levels were driving depressive symptomatology as a result of interactions with extremely sensitive (ie, vulnerable) immune response amplifiers. A precedent for this possibility can be seen in studies examining the association between CRP concentrations and cardioprotection in patients with dyslipidemia, in which it turns out that even individuals with relatively low CRP levels achieve cardioprotection if statin therapy further lowers these levels [91] .
Conclusions
While believing that the association between inflammation and MDD has a great deal to teach us about depressive pathophysiology, in this review, we have highlighted that activation of inflammatory processes is neither necessary nor sufficient to reliably produce the syndrome we currently define as depression. Rather, data show that groups of depressed individuals demonstrate elevated levels of multiple inflammatory biomarkers because there are more individuals with these elevations within depressed populations than comparison groups. We have provided data that support two opposing explanations for this phenomenon: first that individuals with increased inflammation comprise a physiologically discrete depressive subtype, and second that because inflammatory pathways are fully integrated into larger mind-body systems evolved to cope with environmental danger, it may be the case that even low levels of inflammatory stimulation may be depressogenic in individuals with vulnerability patterns in nonimmune elements of these larger systems. We conclude by noting that studies under way to determine the efficacy of anti-inflammatory interventions for depression will at one and the same time confirm or refute a role for inflammatory signaling pathways in MDD, and help resolve the important question of whether inflammation contributes to depression on a broad scale or in a far more circumscribed manner relevant only to individuals with measurably increased indices of inflammatory activation. Evidence supporting the importance of immune response amplifiers in the etiology of immune-based depression. Studies using exposure to a constant dosage of inflammatory input have identified multiple pathways by which immune activation produces depressive symptoms. This figure illustrates patterns of physiologic vulnerability in such pathways, using treatment with interferon (IFN)-α as a model system for chronic cytokine exposure. Immune response amplifiers identified in response to an initial dose of IFN-α include increased activation of p38 mitogen-activated protein kinase (MAPK), an important intracellular proinflammatory signaling cascade, and increased response of corticotropinreleasing hormone (CRH) pathways. Although not a physiologic pathway per se, increased sickness-type symptoms in response to a first dose of IFN-α predict the later development of full major depressive disorder. In terms of patterns of functional disability in response to chronic cytokine exposure, evidence suggests that individuals with any of the following changes are at significantly increased risk of developing significant depressive symptoms during IFN-α treatment: 1) increased peripheral proinflammatory cytokine concentrations (eg, tumor necrosis factor-α or interleukin-6), 2) flattening of the diurnal cortisol rhythm and increased evening cortisol, 3) increased peripheral and central nervous system concentrations of kynurenine and its metabolite quinolinic acid, and 4) disrupted sleep as reflected by reduced slow-wave sleep and diminished sleep efficiency. Importantly, all these changes have been observed in the context of idiopathic major depressive disorder in medically healthy individuals. BDNF-brain-derived neurotrophic factor; CSFcerebrospinal fluid; HPA-hypothalamic-pituitary-adrenal (axis)
